The electrolytic reduction of buffered molybdate solutions / by Whitfill, Donald Lee,
Il
This dissertation has been 
microfihned exactly as received 66—11,794
WHITFILL, Donald Lee, 1939- 
THE ELECTROLYTIC REDUCTION OF BUFFERED 
MOLYBDATE SOLUTIONS.
The University of Oklahoma, Ph.D., 1966 
Chemistry, inorganic
University Microfilms, Inc., Ann Arbor, Michigan
THE ÜNIVERSITY OF OKLAHOMA 
GHADUATE COLLECSE
THE ELEOTEOLÏTIC REDUCTION OF BUFFERED MOLÎBDATE SOLUTIONS
A DISSERTATION 
SUBMITTED TO THE GRADUATE FACULTY 




DONALD LEE WHITFILL 
Norman, Oklahoma 
1966




The author wishes to  thank Dr. Bernard 0 . Heston fo r 
suggesting and d ire c tin g  th is  work.
He a lso  wishes to  thank th e  fa c u lty , s ta f f ,  and fellow  
students of the  Chemistry Department fo r  th e i r  fr ien d lin e ss  and 
h e lp fu ln ess .
He i s  e sp e c ia lly  g ra te fu l to  h is  w ife, Bernice, fo r  her 









LIST OP TABLES............................................................................................ v l
LIST OF FIOÜRES.........................................................................................  v l l
Chapter
I .  IKTROKJCTION............................................................................  1
n ,  EXPERIMENTAL............................................................................ 10
I I I .  DISCUSSION................................................................................  39




1. Folarograpblc Data....................................................................  13
2 . P lo ts  o f E v s . log  fo r  Amnonlum Molybdate in
Ammonium Formate B u ffe r.........................................................  l4
3. Analysis o f MoOg.......................................................................   20
k .  Analysis of N a^O j^..................................................................  21
5. Determination o f Oxidation S ta te  o f MOOg.......................  23
6. Current Time Data fo r  Formate Buffered S o lu tion   23
7. Composition of Oxides Obtained a t  C ontrolled  P o te n tia l 2$
8. Oxidation Numbers o f Dried Oxides Obtained a t
C ontrolled  P o n te n tla l....................   26
9. Oxidation Numbers of Tfodrled Oxides Obtained a t
C ontrolled  P o te n tia l ...............................................................  28
10. Composition of Oxides Obtained w ith IMcontroUed
P o te n tia l ......................         29
11. Oxidation Numbers o f Dried Oxides.Obtained w ith
IMcontroUed P o te n tia l .......................    30
12. Analysis of Oxides Obtained w ith C ontrolled
P o te n tia l and Dried Ihider N itrogen...................................  31
13 . Equivalent Weights o f Oxides Obtained w ith  lb -
co n tro lled  P o te n tia l ............................   32
14. Oxidation Numbers o f Ib d rled  Oxides Obtained w ith
Uncontrolled P o te n tia l   ...............................................  33
15 . Current-Time D ata...................................................................... 36




1 . F o te n tlo s ta t C irc u it ...............................................    l 6
2. P lo t of In  i / i  v s . tim e............................................................ 36
v ii
TEE EIECTBOLITIC REDUCTION OF BUFFERED MOLYBDATE SOLUTIONS
CHAPTER I  
INTRODUCTION
I t  has been known fo r many years ( l )  th a t  on e le c tro ly s is  of 
so lu tions of molybdlc acid , MoO ,̂ a blue co lor appears near the  cathode, 
upon which th e re  eventually  forms a dark blue-black dep o sit. This 
substance was Id e n tif ied  as MogQg'^EgO by Manchettl (2 ), bu t th is  
Id e n tif ic a tio n  was not v e r if ie d  by other workers (3 ) . Although 
th e re  was no c e r ta in ty  as to  the  exact composition o f the  product
th e re  was no doubt th a t  the  molybdenum was p resent In  a lower oxidation
s ta te  than I t  was o r ig in a lly . I t  Is  thus possib le  to  b ring  about the
reduction of Mo(Vl) e le c tro ly t lc a l ly  and th e  f i r s t  d e f in ite  app lica tion
of th is  process to  the  preparation  of lower oxidation s ta te  molybdenum 
conpounds seems to  have been made by C h lle so ttl (4 ). This author 
e lectro lyzed  so lu tions o f molybdlc acid  In hydrochloric acid  w ith a 
mercury cathode and found th a t the molybdenum could be reduced to  the 
( i l l )  s ta te .  By the add ition  of the  chlorides of a lk a l i  metals or of 
ammonium, a f te r  reduction. I t  was possib le  to  Iso la te  from the so lu tion  
double s a l ts  of the  type H^oClg, where M Is  potassium, and N^MoCl^‘HgO, 
where M Is  rubidium, cesium, o r ammonium. In  view of the  ease w ith 
which t r lv a le n t  molybdenum compounds are oxidized I t  was e sse n tia l 
to  separate anode and cathode compartments. A fu rth e r In v estig a tio n  by 
F oerster and Frlcke ($) showed th a t the nature of the  s a l t  Iso la ted  
depended on the  acid concentration; In  the  presence of re la t iv e ly  d ilu te
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hydrochloric acid the M^oCl^*H20 type was obtained on b o ilin g  a f te r  
reduction and add ition  of the a lk a l i  chloride but i f  the  so lu tion  was 
warmed to  80° C and kept sa tu ra ted  with hydrogen chloride gas while 
cooling, s a l t s  of the  type M̂ MoClg c ry s ta ll iz e d  ou t. The experimental 
d e ta i ls  of C h ile so tti were modified to  a s l i ^ t  ex ten t by Rosenheim 
and Braun (6) who e lec tro lyzed  a so lu tion  of 20 g MoOq'2HpO dissolved 
in  150 cc of hydrochloric acid  (s .g . = l . l4 2 )  and 200 cc of w ater, with 
a mercury cathode. A fter reduction was complete various flu o rid es  were 
added and the following double s a l t s  were iso lta e d ; MMoFiĵ 'HgO, where 
M is  potassium or ammonium, and ' 2HgO. By working in
hydrobromic acid so lu tio n , and adding ammonium bromide a f te r  e le c tro ly s is  
(RE]^)gMoBr '̂H20 was obtained,
A number of observations of general in te re s t  were made by 
C h ile so tti (7 ) in  the  course of an in v estig a tio n  of the  reduction  of 
molybdlc acid so lu tions of various concentrations in  hydrochloric ac id .
He found th a t during the process the cathode p o te n tia l always rose 
slowly a t  f i r s t ,  then changed suddenly to  a more negative value and 
remained in  th is  v ic in i ty  fo r  a period of tim e, followed by a fu r th e r  
r is e  in  p o te n tia l. He concluded th a t  the reduction  occurs in  the  stages
Mo(Vl)'—» M o (V )« ^ M o (lI l) , 
there  being no evidence of a Mo(lV) s tage . I t  was noted th a t i f  the 
hydrochloric acid  concentration was about 7 to  9 H, then a f te r  conplete 
reduction to  the tr iv a le n t  stage the so lu tio n  was orange-red, but i f  the 
acid  was more d ilu te  (2 ,7  -  4 N), the  f in a l  so lu tio n  was deep o live-green . 
The d ifference  in  color was a ttr ib u te d  to  the presence of some d iva len t 
molybdenum in  the  green so lu tio n , F oerste r and Fricke (5 ) concluded, 
however, th a t th is  is  h ighly  inprobable and th a t  the  co lor v a ria tio n  is
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due to  the  presence o f d if fe re n t complex ions in  equilibrium  with 
simple M o (m ) ions. Vardlaw and h is  coworkers (8) have been able to  
I s o la te  two isom eric molybdenyl monochlorides of the  formula NoOCl'4SgO, 
a brown substance separating  from  the  red  so lu tio n  and a green substance 
from th e  green so lu tio n .
M oeller (9 ) s ta te s  th a t  the  lower oxidation s ta te s  of molybdenum 
are  qu ite  generally  reducing in  character and undergo f a i r ly  ready 
conversion to  the  (VI} s ta t e .  The uncomplexed t r ip o s i t iv e  ion of 
molybdenum appears to  be capable of ex istence in  aqueous so lu tio n . 
However^ a l l  the  lower oxidation s ta te s  a re  b est characterized  in  
various ccmqslex ions and compounds. Inform ation on these m ate ria ls  is  
a t  b e s t incomplete and requ ires considerable sy stem itiz a tio n . A v a rie ty  
of reducing agents (including M o(ni)) convert molybdates in to  c o llo id a l 
molybdenum b lues, the  conpositions o f which approach MOgOĝ  "%EgO ( U ) .
In  studying the e le c tro ly tic  reduction  of molybdate so lu tions some idea 
o f the  complexity o f the  polymolybdic acids th a t  are being reduced is  
gained by th e  following se r ie s  o f ions, reported  by Jander, Jah r, and 
Saukeshoven ( l l ) ,  as formed by th e  ad d itio n  o f hydrogen ion to  an 
a lk a lin e  molybdate so lu tio n :
M o O ) ^  ' * ^  M o g O ^  ̂  ■ .1.̂  H M o ^ Q v j ^  )  H M O g O g j ^ —
HgMOgOgi— ^  HgMOgO Ĵ— ^  ^
^ 2 ^ 2 4 ^ 8 .
Glasstone and E ickling (12) in d ica te  th a t  a t  a smooth platinum 
cathode the f i r s t  stage of reduction  is  accompanied by very marked 
p o la riz a tio n  (0 .4  to  0.6 v o lt)  in  8 N hydrochloric ac id . This was
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a ttr ib u te d  to  th e  fo m atio n  on the  cathode o f an oxide containing both 
hexa- and pentavalent molybdenum. By coating the  electrode^ and thus 
dim inishing i t s  area, these  oxide coatings no t only increase  th e  e ffe c tiv e  
curren t density , but a lso  prevent access of the  ions to  be reduced.
These fa c to rs  a l l  tend to  bring  about an increase in  the  measured cathode 
p o te n tia l .
Cotton (13) s ta te s  th a t  th e  follow ing oxides o f molybdenum are 
d e f in i te ly  e s tab lish ed : MoO ;̂ MOgÔ ; MoOg. However, th e re  are  un­
questionably  various o ther s to ich iom etric  oxides, and in  th e  MoCg-MoÔ  
system seven in term ediates such as MO0Og^, Moj^O^ and No^^Oj^y are  known. 
The l a s t  o f these  has been shown to  have MoOg octahedral and NoO  ̂
pentagonal bipyram idal u n its  in  the  s tru c tu re . The most im portant of 
th e  oxides i s  MoOg. I t  i s  the  u ltim a te  product o f héating  the  m etal 
or o ther compounds, such as the  su lf id e s , in  oxygen. MoÔ  is  a white 
s o lid  a t  room tem perature bu t becomes yellow when hot and m elts to  a 
deep yellow liq u id  a t  795° C. I t  b o ils  a t  1155° C. I t  i s  the  anhydride 
o f molybdic acid , but i t  does no t form hydrates d ire c t ly . The hydrates 
MoOg'2EgO and MoO '̂HgO can, however, be p re c ip ita te d  from approximately 
n e u tra l so lu tions of molybdates. The c ry s ta l  s tru c tu re  o f MoĈ  i s  a 
very ra re  type of lay e r s tru c tu re  in  which each molybdenum atom is  
surrounded by a d is to r te d  octahedron of oxygen atoms. MOgÔ  is  a v io le t  
so lid  so lub le  in  warm acids and i s  a lso  a good conductor of e le c t r i c i ty ,  
b e t te r  than NoOg. I t  can be prepared by heating  th e  requ ired  quan tity
of f in e ly  divided molybdenum w ith  MoÔ  a t  75O C. When ammonia is  
added to  so lu tions containing No(V), MoO(OE)g i s  p re c ip ita te d , and th is  
can be d rie d  by heating  to  give MOgO .̂ Molybdenum (I? )  oxide, MoOg, is
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obtained by reducing MoÔ  with hydrogen below ^70° C (above th is  
temperature reduction proceeds to  the metal) and by reac tio n  of molybdenum 
with steam a t 800° C. I t  is  a brown-violet so lid  w ith a coppery lu s te r ,  
and i t  has f a i r  e le c t r ic a l  conductiv ity . I t  is  ih sclub le  in  nonoxidizing 
mineral acids but dissolves in  concentrated n i t r i c  acid  w ith oxidation 
of the molybdpmim to  Mo(Vl)- The blue oxides of molybdenum are 
obtained by mild reduction of a c id if ie d  so lu tions of molybdates or of 
suspensions of MoÔ  in  w ater. The exact nature of these blue substances 
is  not ce rta in  (lO), but the following fa c ts  seem d e f in ite . The so lid  
substances are not of uniform composition; they vary in  formula w ithin  
the  lim its  MoO.  ̂ and MoO_. Thus the mean oxidation s ta te  of the metal 
atoms is  between (V) and (VI ). This could be due to  the presence of 
metal atoms in  both o f these oxidation s ta te s  occupying metal s i te s  in  
oxygen - defective MoÔ  l a t t i c e s . The in tense colors are then not 
su rp ris ing , since phases or compounds containing an element in  two 
d iffe re n t oxidation s ta te s  c h a ra c te r is t ic a lly  have in tense colors due 
to  electron  tra n s fe r  absorption bands. I t  seems very probable, though 
i t  is  not conclusively proved, th a t  the  aqueous so lu tions of the blue
o v î r t o a  T r\*î rt o \
Senderoff sud Brenner (l4 ) e lec tro lyzed  aqueous so lu tions of 
Na^oOj^ under pressure a t  temperatures up to  300° C. No attempt was 
made to  characterize  the  product exactly , but they concluded a hydrated 
oxide was formed. Kaycko and Yntema (15) reported  th a t  m eta llic  Mo can 
be e lectrodeposited  from aqueous so lu tions of MoÔ  containing high 
concentrations of s a l t s .  Formates, ace ta te s , propionates, flu o rid es , 
a n i phosphates of Na, K, and NEr were used. The optimum pH range as
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measured, w ith a g lass e lectrode was 5-5 to  6 .8 . The curren t density
2
was varied  from 0.06 to  3=3 amp/cm . The tem perature was con tro lled  
between 30° and 55° C. Deposits were obtained on Cu, Ni, and Fe 
e lec tro d es . They reported  oxide formation when bath conditions d iffe red  
from those l i s te d  above. Senderoff ( l6 ) reported  th a t  he could not 
dup lica te  these r e s u l t s . He reported  only oxide form ation. Goncharenko 
(IT, l8 )  investiga ted  the  cathode deposit obtained during the  e le c tro ly s is  
of aqueous so lu tions of molybdates. He reported  a mean valency of 4.91 
fo r the black oxide obtained on a platinum  cathode. This oxide had 
been d ried  to  a constant weight a t  200° C. His re s u lts  ind ica ted  the 
composition o f the  cathode deposit could be expressed approximately 
by the  formula Mo20^'2Hg0. He a lso  proposed th a t  some of th e  molybdenum 
atoms could be t r lv a le n t ,  and some hexa v a len t, in  th e  r a t io  Mo ( H i ) :
Mo(Vl) = 1 :2 . Evidence fo r  th is  i s  found in  in v estig a tio n  of the 
d isp roportionation  of Mo(v) in  a lk a lin e  so lu tion  (19) •
A number of in v estig a to rs  have employed the polarographic 
technique in  studying the reduction of molybdates. VcHi Stackelberg (20) 
found th a t  molybdate does not produce a wave from n e u tra l or a lk a lin e  
so lu tio n s , but s w e ll—defined wave Is  obtained in  s u lfu r ic  acid  
so lu tio n s . The polarographic reduction  of Mo(VI) in  s u lfu r ic , 
hydrochloric, p e rch lo ric , and phosphoric acid  media was stud ied  by 
H Sltje and Geyer (21). In  a l l  they obseived two to  four waves, 
depending on the ac id ity , which they  ascribed  to  reduction  to  Mo(V), 
to  the  red Mo ( I I I ) ,  to  the  green Mo ( H i ) ,  and to  !fo(OH)^. C a r r i t t  (22) 
investiga ted  th e  polarography of Mo(Vl) and M o(Hi) in  various con­
cen tra tions of su lfu r ic  and hydrochloric acids, and aaployed the  coulo-
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m etric analysis technique a t  con tro lled  p o te n tia l to  determine reduction 
s ta te s .  He found th a t  In 0.3 M hydrochloric acid  the  polarogram o f Mo(Vl) 
comprises two waves, which re s u l t  from reduction  to  Mo(V) and M o (ill) , 
w ith half-wave p o te n tia ls  of -0.26 v . and -0.63 v . v s . S.C.E. The f i r s t  
d iffu sio n  cu rren t p la teau  was Incompletely developed hu t the to ta l  
d iffu sio n  current was w ell defined. In  the  game medium Mo(V) yielded 
a s ing le  wave (E^ = - , 6o v . v s . S.CJE.) corresponding to  a two e lec tro n  
reduction  to  M o (lll) . When con tro lled  p o te n tia l reduction  was done on 
hydrochloric acid  so lu tions o f Mo(Vl) and Mo(V) a t  a mercury cathode 
the  green form of Mo ( i l l )  was produced w ith  v ir tu a l ly  100$ curren t 
e ff ic ie n cy . Solutions of M o(m ) In  0.3 M hydrochloric acid  showed 
no cathodlc wave, hu t an Incompletely developed anodic wave appeared 
a t  -0.22 V .  vs. S.C.E. In  0 .8  M hydrochloric ac id  C a r r i t t  observed 
th ree  waves on the  polarogram o f Mo(Vl). The h a lf  wave p o te n tia ls  were 
-0.12 V . ,  - 0.25  V . ,  and -O.55  v . v s . S.C.E. The f i r s t  two waves were 
not completely reso lved . He found th a t  con tro lled  p o te n tia l reduction 
o f th e  Mo(vl) so lu tio n  a t  a mercury cathode a t  a p o te n tia l (-O .I5 v .)  
between the  f i r s t  and second waves produced a so lu tio n  of +5 molybdenum 
which showed only the  wsve a t  -0-55 This le d  C a r r i t t  to  conclude 
th a t  the f i r s t  two waves in  the o rig in a l Mo(Vl) polarogram corresponded 
to  the  reduction  to  Mo(V) o f two d if fe re n t molybdenum species In  sluggish  
equilibrium . He d id  con tro lled  p o te n tia l reduction  o f Mb(v) so lu tions 
a t  - 0.75  T. which produced a so lu tion  of green Mo(IV) w ith nearly  100$ 
curren t e ffic ien cy . The calcu la ted  current consumption fo r  a one e lec tro n  
reduction was 401 coulombs and the  value observed a f te r  the  curren t 
decreased v ir tu a l ly  to  zero was 403 coulombs. He found no cathodie wave
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fo r th e  Mo(lV) so lu tion , but an Incom pletely developed anodic wave was 
observed a t  tîæ  same p o te n tia l (-0 ,15 v ,)  as the  anodic wave of M o (ill) . 
C a r r i t t  concluded th a t  Mo(lV) i s  produced only by the reduction  o f Mo(V), 
and th a t con tro lled  p o te n tia l reductions o f so lu tions of Ho(Vl) a t  the  
same p o te n tia l  proceeds d ire c t ly  a l l  the  way to  the  M o(III) s ta te .
This l a t t e r  condition would he the  one th a t  p rev a ils  in  reduction  of 
Mo (VI) so lu tio n s  a t  the  dropping e lec tro d e  a t  p o te n tia ls  corresponding 
to  the  t o t a l  d iffu s io n  cu rren t. More re c e n tly  polarograms of Mo(Vl) 
have been determined in  so lu tions of varying molybdenum and su lfu r ic  
acid concen trations. K olthoff and Hodara (23) found th a t ,  under 
su ita b le  conditions, two c le a r ly  defined  waves A and B are  observed.
They a t t r ib u te  wave A to  the  reduction  of Mo(Vl) to  (v) and wave B to  
the  reduction  of Mo(v) to  ( I I I ) .  In  5 M s u lfu r ic  ac id  they  found th a t  
wave A was s p l i t  in to  two waves, and Aq, the heigh ts o f which were 
d iffu s io n  co n tro lled . These waves were a t tr ib u te d  to  the  presence of 
d if fe re n t species o f Mo(VI). In  d i lu te  s u lfu r ic  ac id  they  found th a t 
wave B i s  s p l i t  In to  two waves, and Bg, which were d iffu s io n  co n tro lled . 
These were a t tr ib u te d  to  th e  reduction  of d if fe re n t species of Mo(v).
Under th e  varying conditions the h= lf wave p o te n tia l of varied  from 
+0.02 to  +0 .13 , Ag from -0.11 to  +0.04, 3^ from -0.26 to  -0 .43, end 
Eg from - 0.55  to  -0 .74.
The purpose of th is  in v e s tig a tio n  was to  study the oxide 
products obtained upon reduction  o f molybdate so lu tions containing 
a ce ta te , form ate, and oxalate  as b u ffe rs . This problem was of in te re s t  
due to  the  fa c t  th a t  In te rn a tio n a l Business Machines uses a process 
whereby oxide film s are p la ted  from a formate buffered  molybdate so lu tio n .
cncide film s are converted to  the su lfid e  and. used as lu b rica tin g  
surfaces on the iron  p a r ts .  Since l i t t l e  is  known of the e le c tro ly s is  
process, or the nature of the  oxide film , th is  in v estig a tio n  vas 
in i t ia te d .  In  general th e re  are th ree  goals o f th is  study:
(1) determining th e  nature of the oxide film ,
(2 ) determining how conditions of e le c tro ly s is  (ifi, p o te n tia l, 
and b u ffe r) a f fe c t  th is  film ,
(3 ) and obtaining a general idea as to  the  nature of the 
electrode reac tio n s .
The methods used in  th is  in v estig a tio n  were a combination of polarography 
followed by con tro lled  p o te n tia l e le c tro ly s is .
CEAFTER I I  
EXPERIMENTAL 
Polarography
Preparation of Ammonium Molybdate Solutions 
A ll so lu tions used in  the  polarographic in v estig a tio n  were 10 M 
in  They were prepared by d isso lv ing  12 .3595 g of
"Baker's Analyzed" in  d i s t i l l e d  water and d ilu tin g
to  the mark in  a one l i t e r  volum etric f la s k . This 0.01 M stock so lu tio n  
was used to  make fu r th e r  d ilu tio n s  to  the  requ ired  concentration. For 
tha  10"^ M molybdate so lu tions a 10 ml a liq u o t was tra n s fe rre d  by p lp e t 
in to  a one l i t e r  volumetric f la s k  and d ilu ted  to  the  mark.
Buffered S o lu tio n s . A ll buffered so lu tions were prepared by 
d isso lv ing  the  ammonium s a l t  of the desired  b u ffe r in  the  10"^ M 
ammonium molybdate so lu tion  and then adding the  acid  o f the buffering  
anion to  reach the desired  pB. A ll so lu tions were made 0.1 M in  the  
desired  b u ffe r. The pH was measured w ith  a Beckman zeromatic p£ meter 
using a Beckman g lass e lectrode and a sa tu ra ted  calcmal reference 
e lec tro d e . The pE meter was standardized each time a t  a pE o f $.0 
against pEydrion b u ffers  d is tr ib u te d  by the  Micro E ssen tia l Laboratorys. 
The th ree  buffering  so lu tions used in  the  in v estig a tio n  were acetate^ 
formate, and oxalate . The respec tive  buffers were prepared from:
Baker and Adamson reagent grade ammonium ace ta te  and g la c ia l  ace tic  acid ,
10
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Fisher reagent grade aasaoniina formate and Eastman $8^ formic acid , 
H allinckrodt reagent grade aamonlum oxalate  and Baker and Adamson 
reagent grade oxalic  acid .
Potassium Chloride Solatlm as. These so lu tions were prepared by 
U sso lv in g  0.1 m ole/l of M alllnckrodt reagent grade potassium chloride
I.
in  the  10"* M ammonium molybdate so lu tio n .
A cetate, Formate, and Oxalate Solutions 
These so lu tions were prepared by d isso lv ing  0.1 m ole/l of the 
amnonium s a l t  of each resp ec tiv e  anion in  d i s t i l l e d  w ater. They were 
prepared in  100 ml volumetric f la sk s .
S aturated  Potassium Chloride Solution 
A sa tu ra ted  so lu tion  of potassium ch loride was kept prepared 
fo r  use in  the  sa tu ra ted  calomel reference e lec tro d e . This so lu tio n  
was prepared by placing excess M alllnckrodt reagent grade potassium 
ch loride in  d i s t i l l e d  w ater.
Apparatus Used
Polarograph. A ll polarograms were run on a Sargent Model 3DŒ 
v is ib le  recording polarograph.
Constant Tenqperature Bath. A ll polarograms were run a t  25+0.01'
C therm ostated by a Sargent model SW therm onitor.
Polarographic C e ll. A standard Sargent H c e l l  was used as the 
polarographic c e l l .  A sa tu ra ted  calomel reference e lectrode was prepared 
XU ûüê side Ox tuê Ccxx* A ôiüuêï'êu glâôë dxêk^ âü^ëütêd uÿ âü ôgâr
plug containing potassium ch lo ride , minimized interm ixing of the  t e s t  
so lu tio n  and th e  so lu tion  in  the reference c e i l .
.0
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Dropping Mercury E lectrode. A standard type dropping mercury 
e lec trode  w ith a mercury re se rv o ir  ad justab le  fo r  he ig h t, to  regu la te  
drop tim e, was used.
Polarograms of the  Supporting E lec tro ly te s
In order to  determine th e  p o te n tia l range th a t  each supporting 
e le c tro ly te  was capable of w ithstanding w ithout reduc tion , each one was 
checked by running a polarogram over the  range 0 to  -2 .0  v . vs S.C JS.
In  these  polarograms, as w ell as a l l  o thers , c e r ta in  standard  procedures 
were used. A ll p o te n tia ls  are versus the  sa tu ra te d  calomel (S =C =E.) 
reference e lec trode . The drop time fo r  the  dropping mercury electrode 
(d .m .e .) was ^ .0  sec . per drop. Each t e s t  so lu tio n  was flushed  fo r 
th i r ty  minutes w ith n itrogen  before th e  polarogram was run.
Ammonium Formate. A wave began developing a t  - l .$ 4  v . The
recorder went o ff  sca le  a t  -1.97  v .
Ammonium A cetate. A good re s id u a l cu rren t curve was obtained 
p ast -1 .4  V .  A large  maximum occured between -1 .4  and -2 .0  v.
Ammonium O xalate. A wave began to  develop a t  -1.45 v . The
recorder went o ff  sca le  a t  - I .98  v .
Potassium C hloride. A wave appears a t  - I .90  v .
Polarograms of Ammonium Molybdate Solutions
Since the  supporting e le c tro ly te s  are good only out^to -1 .4  v. 
these polarograms were run ova- a one v o lt range from 0 to  -1 .0  v. I t  
was not found necessary to  use any type of maximum suppressor In  these 
polarograms. The polarograms in  each supporting e le c tro ly te  a t  the  
various pH values a l l  had s im ila r c h a ra c te r is tic s  In  th a t  they  were not
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good "an a ly tica l"  polarograms. The waves th a t appeared did not r i s e  
sharply but were sloping. In  p ra c tic a lly  a l l  cases a sharp d iffu sio n  
p lateau  was not reached. The half-wave p o te n tia ls  were determined by 
drawing the  best lin e s  possib le  p a ra l le l  and through the cen ter o f the  
re s id u a l curren t and the d iffu sio n  p la teau . A lin e  was then drawn 
h a lf  way between these two, in te rsec tin g  the wave. This po in t of 
in te rsec tio n  was taken as the  h a lf  wave p o te n tia l. These values are 
l i s te d  in  Table 1.
TABLE 1 
POLAROGRAPHIC DATAg
Half Wave P o ten tia ls
pH KCl Acetate Formate Oxalate
6 .1 O.Te
5.6 0.9
5=2 0 .4k 0.65
4.1 0.62
4.0 0.63  1 .0 0.59c 0.38  0.65  0.8
3.0 0.58  0 , 9^ 0 . 5IV 0.25  0.5  3.9
^Reduction p o ten tia ls  versus sa tu ra ted  calomel e lec tro d e . 
^Contains two reduction s tep s .
* ^ 0  reduction steps not apparent here.
^ e r y  small and i l l  defined wave.
“Very small wave, no d iffu sio n  p la teau .
l4
P lo ts of E vs log l / l d - 1 . Since the polarograms were a l l  of 
the same general nature a rep resen ta tiv e  group w ill  he used to  i l lu s t r a t e  
the  n values (e lectron  change) calcu la ted  by th is  method. By checking 
the sim plified  equation fo r  the  polarographic wave
^4.a.e. = ^4 - I  ^  ^  ,
one sees th a t a p lo t of ^  vs log  i / i ^ - i  should have a slope of 
. 059/n  a t  25° C, where n i s  the e lec tro n  change, i  i s  the cu rren t, 
and i^  i s  the to ta l  d iffu se io n  cu rren t. Table 2 l i s t s  th e  n values 
obtained from th ree  polarograms obtained w ith th e  formate b u ffe r.
TABLE 2
PLOTS OF E vs log i / i ^ - i  FOR AMMONIUM 
MOLYBDATE IN AMMONIUM FORMATE BUFFER
pH E lectron Change (n)
5 .2  0.238
k .o  0.362
3 .0  0.420
The values in d ica te  our in a b i l i ty  to  get e lec tro n  change values by 
th is  method due to  the i r r e v e r s ib i l i ty  of the reduction process.
Controlled P o ten tia l E lec tro ly sis  
Preparation o f Ammonium Molybdate Solutions 
A ll so lu tions used in  the  con tro lled  p o te n tia l e le c tro ly s is  
in v estig a tio n  were prepared by d isso lv ing  l4 .4 o  g of H allinckrodt 
a n a ly tic a l reagent molybdic acid  in  d i s t i l l e d  water and d ilu tin g  to  
the  mark in  a one l i t e r  volumetric f la sk . These so lu tions are 0.1  M 
in  Mo(VI) as shown by reducing the Mo(Vl) to  M o(n i) in  a zinc reductor
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and then t i t r a t i n g  w ith standard potassinm permanganate.
Buffered so lu tions were prepared in  the  same manner as those used in  
the  polafO£p*aphic in v estig a tio n .
S tandard ization  of Potassium Permanganate 
Potassium permanganate was standardized against sodium oxalate  
hy the  Fowler-Bright method and sto red  in  a hro#n g lass-stoppered  b o t t le .
S tandardization of Ceric S u lfa te  
A standard so lu tio n  of c e r ic  s u lfa te  was prq iared  according 
to  the  d irec tio n s  of W iU iard and Young (2h). This so lu tion  was 
standardized against iron  wire using fe rro in  as an in d ica to r.
Sodium Oxalate Solutions 
Standard sodium oxalate so lu tions were prepared by d isso lv ing  
3.3503 g of H allinckrodt a n a ly tic a l reagent sodium oxalate  in  d i s t i l l e d  
water and d ilu tin g  to  the  mark in  a $00 ml volum etric f la sk . The sodium 
oxalate had previously  been d ried  fo r  two hours a t  110° C and then sto red  
in  a desiccato r over magnesium p e rch lo ra te . These were remade each month.
S u lfu ric  Acid
A 1 .8  H s u lfu r ic  acid  so lu tio n  was used as solvent and eluant 
in  the  Jones red u c to r. I t  was prepared by d ilu tin g  M alllnckrodt 
a n a ly tic a l reagent su lfu r ic  acid  w ith d i s t i l l e d  w ater.
Apparatus
P o te n tio s ta t . This instrum ent i s  used to  m aintain constant 
p o te n tia l a t  the  working e lectrode in  an e le c tro ly s is  c e l l .  The 
working e lec trode  may function  e ith e r  anodically  or cathod ica lly .
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In  a ty p ic a l e le c tro ly s is  experiment u t i l iz in g  the  p o te n tio s ta t there  
are  th ree  e lec trodes; working e lec tro d e , a u x ilia ry  e lec tro d e , and 
reference e lec tro d e . (See Figure 1 .)





T—̂ P o ten tia l
A uxiliary  E lectrode
Working Ê e c tro d e
The working e lectrode is  to  be maintained a t  some constan t p o te n tia l 
w ith respec t to  the  reference  e lec trode , say -0 .5  v o lt  versus the  
sa tu ra ted  calomel e lec tro d e . In to  the  p o te n tio s ta t i s  fed a p o te n tia l 
of -0 .5  V .  a t term inal E; the  instrum ent w ill  then m aintain a p o te n tia l 
of -0 .5  V . between R and W (the reference e lec trode  and the  working 
e lec tro d e) w ith W being negative w ith resp ec t to  R. Current flows 
between W and A (the working e lec trode  and the  a u x ilia ry  e lec trode) 
in  d ire c tio n  and magnitude su f f ic ie n t to  m aintain W a t  the desired  
p o te n tia l re la t iv e  to  R.
The Instrument used in  th is  in v es tig a tio n  was b u i l t  a t  the  F ie ld  
Laboratory of Socony Mobil O il Co. in  D allas, Texas. I t  has a r i s e  time
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of 12 micro sec. I t  can d e liv e r about 4o v o lts  and can flow up to  
1 8!^ depending upon the load in to  which i t  works. The p o te n tio s ta t 
has a verj/ low output impedence; of the order of 0.1 ohm. A F isher 
type S potentiom eter was used to  supply the  ex ternal reference p o te n tia l.
Automatic T i t r â to r . A ll potentiom etric t i t r a t io n s  were done on 
a Metrohm B 33^ Potentiograph. I t  Is  a v ariab le  speed v is ib le  recording 
t i t r a t o r  capable of p lo tt in g  potential-volum e curves or deriva tive  
curves ( A E / AV v s .  V o l.).
Jones Beductor. A Jones (zinc) reductor was made according to  
the  in s tru c tio n s  of K blthoff and Sandell (2$).
E lec tro ly s is  C e ll. A 100 ml t a l l  form beaker was used as the 
e le c tro ly s is  c e l l  v e sse l. A c y lin d ric a l platinum electrode was used 
as the  working electrode w ith a sm aller gauze platinum electrode placed 
in  the  cen ter as an au x ilia ry  e lec trode . The working electrode had a 
circumference of 3>9 cm and a height of $.4 cm. A sa tu ra ted  calomel 
e lec trode  s im ila r to  the  one described by Lingane (26) was used as 
the  reference e lec trode . The so lu tion  to  be e lec tro lyzed  was s t i r r e d  
by a magnetic s t i r r e r .
Analysis o f Lower Oxidation S ta te  Molybdenum Oxides 
The analysis of lower oxidation s ta te  molybdenum oxides by 
normal a n a ly tic a l methods i s  very d i f f i c u l t  due to  the in s o lu b il i ty  
o f these oxides in  water and non-oxidizing acids. The percentage 
m)lybdenum can be obtained simply en o u ^  by ig n itin g  the oxides to  
MoOq a t  500° C. Here we have
Percentage Ho = Mo/koO  ̂ (wt. MoOg) x 100 = (0.6666)(g. of MoOg) x 100.
samule wt. sample wt.
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This method w il l  y ie ld  the  percentage molybdenum in  the sample, hu t 
gives no in d ica tio n  of the  oxidation s ta te ,  which is  of in te re s t  in  
unknown mixed oxides of molybdenum.
In  order to  determine th e  oxidation s ta te s  of such oxides an 
attem pt was made to  t i t r a t e  them in  hot 6 M HgSOjĵ  w ith KMnOĵ . A small 
excess o f permanganate was added to  the  so lu tio n , co loring  i t  a f a in t  
pink. This speeded up the  d isso lu tio n  o f the oxide. When th e  so lu tion  
became c o lo rle ss , another small amount of permanganate was added. In  
th is  manner the  sangle could be placed in  so lu tio n  and the  number of 
equivalents o f oxide determined. The obvious disadvantages o f th is  
method a re  the  slowness o f analysis and the  d if f ic u l ty  in  reaching a 
p rec ise  endpoint.
I f  an a tte n g t i s  made to  add excess KHnOĵ  and then  back t i t r a t e  
w ith a standard  oxidant, such as sodium oxalate , the  re ac tio n  proceeds 
stepwise in  th e  ac id  so lu tio n . This i s  due to  the  ac tio n  of the 
mangaious ion on the  reduction o f permanganate ion to  manganese dioxide. 
(27,  28)
2 nû(^ "î" 3 ^ 2u20 = 5 ÎSÛ.O2 "T
For th is  reason a q u an tita tiv e  determ ination of the excess penaanganste 
ion  i s  not possib le  in  the acid so lu tio n .
I t  was f e l t  th a t  eerie  su lfa te  would possib ly  be more su itab le  
fb r the  determ ination, since no in term ediate oxidation s ta te s  could 
h inder the  reduction o f Ce(IV) to  Ce( i l l ) .  A check in  a reference te x t  
o f a n a ly tic a l chem istry (29) revealed two references where such a 
method had been used to  determine C r ( l l l )  and v (lv ) . (30,31) In  th is  
method, excess ee r ie  su lfa te  was added, and the  excess t i t r a t e d  w ith
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sodium oxalate . This end po in t cannot he determined hy using the 
disappearance of color of the Ce(iv) ion, since th is  precedes the ac tu a l 
end p o in t. For th is  reason , a su itab le  in d ica to r must he used (such 
as fe rro in ) , or the  end po in t determined po ten tio m etrica lly . Since 
a Metrohm E336 Potentiograph was av a ilab le , the  l a t t e r  method was 
chosen in  th e  analysis  of th e  molybdenum oxides. The sodium oxalate 
so lu tio n  was prepared by placing 3.3689 g of reagent grade sodium 
oxalate (previously d ried  fo r  two hours a t  110° C) in  so lu tio n  and 
d ilu tin g  to  500.00  ml. This gives a ca lcu la ted  normalty of O.IOO6 .
A standard so lu tio n  of e e rie  su lfa te  was prepared according 
to  the  d irec tio n s  o f W illia rd  and Young. (24) This so lu tio n  was 
standardized against iro n  wire and found to  be 0 .0 4 l^  0.0001 N.
Three samples were prepared by placing 10 ml of the  ee rie  
s u lfa te  so lu tion  in  100 ml of 1 .8  N su lfu ric  acid . These were t i t r a t e d  
p o ten tio m etrica lly  a t  an e levated  temperature (70- 80° C). The norm ality 
o f th e  ee rie  s u lfa te  determined by th is  method was 0 .0423j p . 0003 H.
Since the reac tio n  o f th e  oxalate  w ith Ce(lV) i s  r e la t iv e ly  slow, (30, 
31) the dev iation  frOm the  previously  determined norm ality i s  in  the 
expected d ire c tio n .
The method was checked fb r  the analysis  of molybdenum oxides 
by determining the percentage molybdenum in  th ree  sanqples of MoOg. (32) 
The MoOg was d ried  fo r  I . 5 hours a t  100° C and th ree  samples weighed 
out. These samples were placed in  excess e e r ie  su lfa te  and 1 .8  N 
su lfu r ic  acid . They w il l  d isso lve  only slowly (2-3 hours) in  th is  
so lu tio n  on heating and s t i r r in g  by a magnetic s t i r r e r - h e a te r  combina­
t io n . The excess ee rie  su lfa te  was t i t r a t e d  w ith  sodium oxalate  a t  an
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elevated  teoiperature using a potentiom etrlc  endpoint. The re s u lts  are 










Vol. of Oxalate 








0.1011 45.18 2.95 38.16 75.44
I I 0.1096 45.20 1 .81 40.89 74.41
I I I o .ice i 45.12 2.90 38.22 74.70
^ sed  fo r  sample cEdculation.
l*Pure MoĜ  has percentage Mo « 74 .99  versus 74.8$$ experi­
mentally determined above as the  average.
Since th e  slow reac tio n  a t  the endpoint of the  oxalate  -Ce(lV) t i t r a t i o n  
causes the
in  d e te r^ n ln g  th e  excess eerie  s u lfa te .  Determining ml o f e e r ie  
S ïdfate/m l o f oxalate  aided in  reducing any e rro r  due to  the  slowness 
o f the  endpoint, o r due to  decomposition o f the  oxalate  so lu tio n .
The norm ality o f the  ee rie  su lfa te  so lu tio n  was taken as th a t  d e te r­
mined versus th e  iro n  w ire.
( l )  T i te r  o f 04(80^)^ so lu tio n  = 2.38  ml o f Ce(S04)g/&l of oxalate
(a) (2.95  ml o f oxalate) (2.38  ml of Ce(sC^)2/ml of oxalate)*
7 . 0a ml of Ce(SO,.)o in  excess
(b) 45.16  ml - 7«02 ml = 36.16  ml re ac tin g  w ith the  oxide
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(c) 38.16 ml (0 . 04l 6 n) = 1.587 aeq,. = 1.59 meq.
(d) ^1.59 meq. ) (1.97 mg of Mo/meq.)/l(ÏL.l 100 =
Percentage Mo
(e) Percentage Mo = 75.44^
As an ad d itio n a l check on the method a sample o f Nâ MoOî  was 
d ried  to  a constant weight a t  110° C and analyzed fo r percentage molyb­
denum. Two samples were weighed out, placed in  so lu tio n  in  1.8  N ^ 0;̂  
and passed through a zinc redacto r in to  excess eerie  s u lfa te  so lu tion . 
The zinc redactor reduces Mo(Vl) to  M o(H l). The M o(Hl) is  oxidized 
back to  Mo (VI) by the  Ce(lV) and the  excess Ce(lV) i s  determined as 
before by po ten tim etric  t i t r a t i o n  w ith sodium oxalate a t  an elevated 
tem perature. The re s u lts  are  given in  Table 4, followed by a sample 






î î t .  vs/
Vol. Of 
Côx'ic Sul­
f a te  Added 
(ml)
Vol. Of Sodium
Gxôlâoc To T i-




S u lfate  Sc- 
ac tin g  With
M o(m ) (ml)
Percentage
MOb
la 0.1581 28.75 2.55 25.92 47.13
I I 0.1687 30.43 2.70 27.43 46.82
^ s e d  fo r sample ca lcu la tio n .
^ a 2Mo0jĵ has $ No = 46.59 versus average o f 46.97 experim entally 
determined above.
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I .  T ite r  = 1.11 ml. of ce ric  su lfa te /m l. of soditun oxalate .
Normality o f ce ric  su lfa te  = O.090I.
(a) (2.55 ml. of o x a la te )(1.11 ml of ce ric  su lfa te /m l of 
oxa la te) = 2,83 ml.
(b) 28.75 ml. - 2.83 ml. = 25.92 ml. o f ceric  s u lfa te .
(c) 25.92 ml. (0 .C9G1 H) = 2 .̂33 msu.
(d) [(2.33 meq. ) (31.98 mg/meq. ) / l 58.1 mg] x 100 = $ Mo
Percentage Mo = 47.13 
By combining the  two previous a n a ly tic a l methods, th e  oxidation 
s ta te  of the  molybdenum oxide can be determined by tak ing  th e  r a t io s  of 
th e  amount o f ce ric  s u lfa te  requ ired  to  t i t r a t e  a sanq^le before and 
a f te r  i t  i s  run th r o u ^  the zinc red acto r. I f  x i s  designated as the 
valence change re su ltin g  ffom the oxidation of Mo(VI - x ) to  
Mo(Vl) by V  ̂ ml of ce ric  s u lfa te  and Vg ml of ce ric  su lfa te  are  
requ ired  to  oxidize the  M o(ill) to.Mo(VI) a f te r  passing the  so lu tio n  
through th e  zinc red ac to r, then:
V ^/x = V g/3.
When th is  was done fo r  the MoOg (32) the r e s u lts  are  l i s t e d  in  Table 5.
C h arac te ris tic s  of E lec tro ly s is  
The observations made during th e  e le c tro ly s is  of the  ammonium 
molybdate so lu tions containing no buffering  agaat and those containing 
the a ce ta te , form ate, and oxalate bu ffers were very s im ila r . On - 
beginning the  e le c tro ly s is  th e  cu rren t would be high and slowly drop 
o ff  to  near zero as th e  e le c tro ly s is  proceeded. A ty p ic a l s e t  of 
current-tim e data a re  given in  Table 6.
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TABIE 5






Vol. Of Ce(S(^)2 
For Mo(lV) To 
Mo(VI)
Vol. Of Ce(SO^) 




1 0.1535 24.97 42.69 l r 75
2 0.1631 26.64 46.20 1.73
3 0.1498 24.21 40.95 1.77
^Average of I .7 5  vs 2.00 fo r  pure MoOg.
TABLE 6
CURRENT TIME DATA FOR FORMATE BUFFERED SOLUTION
pH Time (min) Current (m llllam ps) P o te n tia l








As the  e le c tro ly s is  proceeds the  e lec trode  becomes covered w ith a 
browzdsh b lack  ozlde film . As th is  film  covers th e  e lec tro d e , the 
cu rren t f a l l s  o ff , u n t i l  even tually  the reduction  of the  molybdate 
species is  p ra c t ic a l ly  zero . During the e le c tro ly s is  a s h a ll  
amount o f hydrogen gas is  produced a t  the  cathode, w ith e i th e r  Og 
or CO2 being evolved a t  the  anode. The production o f hydrogen a lso  
f a l l s  o f f  as th e  oxide film  covers the  cathode su rface . More hydrogen 
i s  produced as the  pH is  lowered. During e le c tro ly s is  th e  so lu tions 
a l l  change co lo r. Amnonium molybdate so lu tions change to  a very l ig ^ t  
b lu e . The ace ta te  and formate buffered  so lu tions tu rn  b lue . The 
formate so lu tions tu rn  a darker b lue than the  o ther two so lu tio n s .
As th e  pH is  lowered the  so lu tions tu rn  a darker b lu e . At a pE of 
3 .0  a clean platinum  surface catalyzes the  reduction  in  formate such 
th a t  a reac tio n  occurs between the  molybdate ion and formate ion a t  
the  e lec trode  surface when i t  i s  placed in  the  so lu tio n , w ith the  sub­
sequent production o f the  c h a ra c te r is t ic  molybdenum "blues" (lO ). 
In v es tig a tio n  revealed th a t  palladium  and gold would produce th is  
re a c tio n  a lso , but to  a much sm aller e x ten t. Gold w il l  produce only 
a v ary  Small aoDunt of blue co lor over a period  o f hours. The c a ta ly tic  
e f f e c t  o f  th e  c lean  platinum  su rfa c e  was n o t s tro n g  e n o u ^  to  produce 
th is  re ac tio n  in  th e  ace ta te  and oxalate  so lu tio n s . The oxalate 
buffered  so lu tions tu rn  lig ib t brown upon e le c tro ly s is  in s tead  of b lue . 
This is  probably a c o llo id  a lso , since tungsten  and molybdenum have 
s im ila r  reac tio n s  in  th is  re sp e c t. The tungsten  "b ro d e s"  are as 
c h a ra c te r is t ic  as th e  molybdemns "b lu e s ."  The sm all amount o f oxide 
produced during an e le c tro ly s is  (50 to  100 mg) req u ires  th a t  a seriCB
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of e lec tro ly se s  be run to  produce enough sample fo r  a n a ly s is .
Ig n itio n  o f Oxide Samples 
A se r ie s  o f e lec tro ly ses  were run to  obtain  saaqples fo r  
Ig n itio n  to  MoOg. These samples were a i r  d ried  a t  room temperature 
and then  scraped o f f  the  platinum electrode and s to red  In  a desiccato r 
over magnesium perch lo ra te . When su ff ic ie n t oxide was obtained I t  was 
d rie d  to  a constant weight a t  110° C. The d ried  oxide was then placed 
In  c ru c ib les  and Ig n ited  In  an e le c tr ic  muffle furnace a t  500° C. The 
lower oxidation s ta te  oxides are converted to  MoO .̂ The data obtained 
are l i s t e d  in  Table 7 .
TABI£ 7
C01ÛOSITI0N OF OXIDES OBTAIHED AT CONTROLLED POTENTIAL
Buffering
Agent
P o te n tia l 
vs. S .C .S.





None* 0.60 5.40 0.1572 0.1550 65.72 65.72
Acetate 0.65 5.30 0.1217 0.1184 64.83
0.1293 0.3555 64.65^ 64.74+.13
O.oO 4.00 0.1024 •V/’# 61.34
0.1144 0.1062 61.88 6 1 .8 ^ .0 3
Formate 0.65 5.20 0.1580 0.1527 64.42
0.1557 0.1504 64.39 64. 41+.02
0.65 4.00 0.1035 0.0989 ' 63.70
0.1043 0.0994 63.53 6 3 .6 ^ .1 2
Oxalate 0.75 6.30 0.1448 0.1323 60.91
0.1727 0.1573 60.72 60.82+.13
0.75 4.00 0.1017 0.0920 60.30
0.1321 0.1187 ' 59.90 60.IW .03
% c d  fo r sample ca lcu la tio n .
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Sample CalculatLon.
(1) Percentage Molybdenum = Mo/WoOq (MoOg Weight) x 100
(Ifried Oxide Weight )
(2 ) Percentage Mo » (0. 6666) ( 0.1550 g) x 100
(0.1572 65)
(3) Percentage Mo = 65,72
T itra tio n  o f Oxide Samplea 
Samples were obtained as before and p laced in  excess ceric  
s u lfa te . The excess ce ric  s u lfa te  was back t i t r a t e d  w ith sodium oxalate.
The data obtained are given in  Table 8 .
TABIE 8
OXWATIOS NQHBEBS OF DRIED OXIDES OBTAINED AT CONTROLLED POTENTIAL
Buffer Pot. pH Oxide
Weight
Vol. of Ceric 
S u lfa te  (ml)
N o f Ceric 




None* 0.60 5.W 0.1126 18.26 0.0576 4.64
0.1144 18.93 4.61
0.1236 19*95 4.64 4.63
Acetate O.65 5.30 0.1110 15.74 0.0576 4.78
0.1431 20.42 4.78
0.60 4.00 0.1148 8.60 0.0544 5.37
0,1156 6,41 5.38
0.1006 7.25 5.40 5.38
Pozaate 0,65 5.20 0,1034 15.89 0.0576 4.67
0.1125 17.66 4.65
0.1066 16.70 4.66 4.65
0.65 4.00 0.1004 12.17 0.0544 5.01
0.1116 13.49 5.01
0.1032 12.47 5.01 5.01
Oxalate 0.75 6.30 0.0597 8.65 0.0576 4.68 4.68
0.75 4.00 0.1014 14.00 0,0544 4.80
0.1030 14.28 4.79 4.80
% sed fo r saa^le ca lcu la tio n .
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Sample C alcu la tion .
(1) Percentage Molybdenum » 65.72 (fïom Table 7 .)
(2 ) (0.6572) (0.1126 g) -  O.O7W i  of Mo
(3) (18.26 ml) (0.0576 N) = 1.0518 meg.
(4 ) 74.0 m  of Mo = 70.36 g/eq .
1 .05 i8  meq.
(5) Change in  ox. no. = a t .  w t. = 95.94 = I .3 6
eq. v t .  70^36
(6 ) Oxidation number = 6.00 - I .3 6  = 4.64
In  order to  minimize th e  p o s s ib i l i ty  of a i r  ox idation  a 
s e r ie s  o f e lec tro ly se s  were run where the  samples were not a i r  d ried  
before an a ly s is . The oxide covered cathode was rin sed  c a re fu lly  w ith 
d i s t i l l e d  w ater and placed in  excess c e r ic  su lfa te  so lu tio n . The 
excess was back t i t r a t e d  w ith sodium oxalate  (V^). The sample was 
then run through the  zinc redacto r in to  excess ce r ic  su lfa te  and the  
excess again back t i t r a t e d  w ith sodium oxalate  (Vg). The data 
obtained are  given in  Table 9*
Sample Calculation.
(1) 7.78 ml. ,  14.85 ml.
X 3.00
(2 ) X = (3 .QOj^7 .78j. -  1.57
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(3) ox idation  number = 6.00 - I .5 7  = 4.43
Uncontrolled P o te n tia l E lec tro ly s is  
A ll so lu tio n s , equipnent, and procedures were th e  same as used 
in  the  co n tro lled  p o te n tia l e le c tro ly s is .  The p o te n tio s ta t was used 
as a d .c .  power source by connecting only the  working and a u x ilia ry  
e lec trode  lead s . The reference e lec trode  was l e f t  out of the  c i r c u i t .
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hydrogen gas a t  the  working e lec tro d e . During these  e lec tro ly se s  
a la rg e  amount of hydrogen gas was evolved and the  cu rren t remained 
constant a t  TOO ma.
TABLE 9
OXIDATION HDMBERS OF DEDRIZD 0XHE8 OBIAISED AT CONTROLLED POTENTIAL









None* 0.70 5.40 30 '7 .78 14.85 4.43
- 30 8.74 15.83 4.34 4.38
Acetate 0.60 5.0 60 6.02 11.73 4.46
30 3.96 7.92 4.50
o .6o
30 4.78 10.45 4.63 4.53
4.0 30 2.35 5.50 4.72
30 3.64 7.54 4.55
90 6.47 12.69 4.47 4.58
Fom ate 0.65 5.0 120 15.04 28.25 4 . 4o
36 5.68 11.64 4.54
30 6.26 12.95 4.55 4.50
0.65 4.0 30 7.25 14.03 4.45
30 7.31 14.10 4.44
50 T.4o 14.44 4.46 4.45
Oxalate 0.70 6.3 30 3.64 6 -fe 4.37 4.37
0.75 5.0 30 1.90 3.70 4.46
30 2,16 4.37 4.52 4.49
0.75 4.0 120 5.50 10.42 4.42
60 2.74 5.52 4.51
60 3.67 6.87 4 .4o 4.44
'«used fo r sample c a lc u la tio n . 
Sample C alcu la tion .
(1 ) 7 . t 5 ml. = 14 .Ô5 ml.
X 3.00
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(2) X = (3 . 00)(7 . 78) = 1.57
14. Ü5
(3 ) ox idation  number = 6.00  - 1.57  = 4.43
Ig n itio n  o f Oxide Samples
A se r ie s  of e lec tro ly se s  were run to  obtain  samples fo r ig n itio n  
to  KoOj. These samples were a ir  d ried  a t  room temperature and then 
scraped o ff the  platinum  cathode and s to red  in  a desiccato r over 
magnesium p e rch lo ra te . When s u ff ic ie n t oxide was obtained i t  was 
d ried  to  a constant w e i^ t  a t  110° C. The dried  oxide was then placed 
in  cruc ib les  and ig n ite d  in  an e le c tr ic  muffle furnace a t  500° C. The 
lower ox idation  s ta te  oxides are converted to  MoOg. The date obtained 
are  l i s t e d  in  Table 10 .
TABLE 10
COMPOSITION OF OXIDES OBTAINED WITH UNCONTROLLED POTENTIAL
B uffer pH Dried Oxide MoOq Weight Percentage Average
Weight (g) '  (g) Mo
None 5.40 0.1529 0.1482 64.61
0.4126 0.4004 64.69 5^ .6^ ! *0v
Acetate 5-30 0.1591 0.1528 64.02
0,1538 0.1472 63.80 63.91+.15
4.00 0.1060 0.0974 61.25
0.1023 O.C^O 61.25 61.25+.00
Formate 5.20 0.1105 0.1066 64.31
0.2477 0.2385 64.18 64.24+. 09
4.00 0.1021 0.0981 64.05
0.1049 0.100.0 64.18 64.1^ .0 9
Oxalate 6.30 0.1139 0.1092 63.91
0.1188 0.1135 63.69 63.8C+.15
4.00 0.1033 0.0981 63.30
0.1211 0.1153 63.47 63.38+.12
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T itra tio n  of 0x1wo Samples 
Seuqples vere  obtained aa before and placed in  excess ce ric  
s u lfa te .  The excess ce ric  s u lfa te  was back t i t r a t e d  w ith sodium oxalate . 
The data obtained are  given in  Table 11.
TABLE 11
OXIDATIGN BUMBEBS OF DRIED OXIDES QBTAQiBD WITH UHCOBTROLLED POTENTIAL
Buffer pH Oxide Vol. of Ceric N o f Ceric Ox. No. Average
Weight S u lfate  (n l) S u lfa te o f Ho
None 5.40 0.1034 16.26 0.0576 4.65
0.1033 16.37 4.65
0.1060 16.39 4.68 4.66
Acetate 5.30 0.1221 19.05 0.0576 4 . 6‘
0.1218 19.09 4.64
0.1237 19.36 4.64 4.64
4.00 0.1049 12.94 0.0544 4.95
0.1058 12.99 4.95
0.1127 13.43 4.88 4.96
Formate 5.20 0.1225 18.62 0.0576 4.70
0.1244 19.13 4.68
0.1296 19.78 4.69 4.68
4.00 0.1015 12.65 0.0544 4 .yf
0.1499 19.93 4,92
4.960:1222 15=29 4.98
Oxalate 6.30 0:3585 18:30 0:0576 4.77
0:1164 16:79 4.75
0.1808 25.86 4.75 4.75
4.00 0.1033 10.93 0.0544 5.14
0.1021 10.88 5.13
0.1105 11.68 5.12 5.13
A se r ie s  of sangles were prepared as before but were d ried  fo r  2k  hours
n
a t  110'  C under a n itrogen  atmosphere. The data obtained are l i s t e d  
in  Table 12 fo r  ig n itio n s  and t l tr a t ic m s  done on th ree  s e ts  of oxides.
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TABLE 12
ANALYSIS OF OXIDES OBTAINED WITH CONTROLLED 
POTENTIAL AND DRIED UNDER NITROGEN




$ Mo Ox. No. 
o f Mo
Average
None 5.4 0.1038 22.32 67.92 4.35
o .io 4o 22.19 4.36
0.1009 21.32 4.38 4.36
Formate 5.2 0.1018 22.13 66.65 4.30
0.1039 22.44 4.31
0.1055 22.85 4.35 4.32
Oxalate 6.3 0.1033 20.61 61.43 4.26
0.1042 20.87 4.31
0.1019 20.62 4.28 4.28
# o r m l l t y  of ce ric  s u lfa te  = 0. 0^44.
Since ig n itio n s  were no t done on a l l  of th e  oxides the r e ­
mainder of the data are given in  Table 13. The equivalent weights of
the oxides d ried  under n itrogen  are l i s t e d  along w ith  the  equivalent 
weights of those d ried  in  a i r .
A se r ie s  of e lec tro ly se s  were run where the samples were not
a i r  d ried  before an a ly s is . A ll procedures were the same as these
ou tlined  fo r the data presented in  Table 9, except the  p o te n tia l was 
not co n tro lled . The data obtained are given in  Table l 4 .
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TABLE 13
EQUIVALENT WEIGHTS OF OXIDES OBTAINED WITH UNCONTROLLED POTENTIAL
Buffer pH Oxide Vol. of Eq,. Wt. Average Eq. Wt. Average
Wt. (g)g Ce(S0ĵ )2 Under Ng In Air
None 5.4 0.1038 22.32 85.78 110.00
0.1040 22.19 85.95 109.89
0.1009 21.32 86.98 86.27 112.77 110.89
Acetate 5*3 0.1017 21.39 87.67 111.00
0.1067 21.96 89.66 110.73
0.1024 20.85 90.62 89.32 110.45 110.73
4.0 0.1014 15.28 122.17 149.85
0.1028 15.87 119.53 149.01
0.1280 19.13 123.08 121. 59c 154.38 151.08
Formate 5.2 0.1018 22.13 84.83 114.48
0.1039 22.44 85.16 113.09
0.1055 22.85 85.08 85.02 113.68 113.75
4.0 0.0777 9 .47a 91.41 145.00
0.0779 9.30 92.74 138.80
0.0836 9.95 92.89 92.35 147.23 143.68
Oxalate 6.3 0.1003 20.61 89.55 122.38
0.1042 20.89 92.21 120.00
0.1019 20.62 90.98 90.91 121.34 121.24
4.0 0.0792 8 . 55d 102.86 175.08
0.0849 8.63 108.85 105.86 172.66 173.87
®Oxide weights of those samples d ried  under n itrogen . See
Table 11 fo r  sample w e l^ ts  d ried  in  e i r  =
fo r m a l i ty  of ceric  s u lfa te  = 0=0544 except where in d ica ted . 
^Nitrogen flow stopped fo r  unknown period of tim e.
"kleric s u lfa te  norm ality = O.09OO.
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TABLE 14
OXIDATION NUMBERS OF UNDRIED OXIDES OBTAINED 
WITH UNCONTROLLED POTENTIAL
B uffer pH E le c t. Time 




None 5.4 30 9.75 18.01 4.38
60 15.15 27.91 4.37 4.38
Acetate 5.3 30 5.34 10.49 4.47
30 5.01 9.92 4.48
30 4.62 9.28 4.51 4,49
k.O 30 2,13 5.17 4.76
30 2.75 6.23 4.68
30 2.87 6.60 4.70 4.71
Formate 5.2 30 7.87 14.67 4.39
30 8.46 15.03 4.31
30 6.66 12.66 4.42 4.37
4.0 30 5.61 10.92 4.46
30 5.32 10.75 4.52
30 4.96 10.15 4.53 4.50
Oxalate 6.3 30 7.56 12.54 4.19
30 6.59 11.29 4.25
30 5.43 8.90 4.17 4.20
5.0 30 2.39 4.71 4.48
6o 4.32 8.01 4.39
90 7.59 14.23 4.40
30 2.57 4.93 4.44
30 3.42 6.94 4,52 4.45
4.0 30 1.68 3.25 4.45
30 3.45 5.46 4.10
6o 6.01 10.45 4.27
45 5.08 7.95 4.08 4.23
S p ec tra l In v es tig a tio n  
An anmonlim molybdate so lu tio n  was e lec tro lyzed  fo r two 
iiOUrB using a plutlaom  cathode. The cathode waa covered w ith a black 
oxide film . The oxide covered cathode was placed in  a so lu tio n  of 3 M 
s u lfu r ic  ac id . This so lu tio n  was kept in  a n itrogen  atmosphere hy
3^
bubbling n itrogen  gas through i t  -while being heated and s t i r r e d  by a 
magnetic h e a te r - s t i r r e r .  During an eleven hour period a liq u o ts  were 
removed and th e i r  spectrum run on a Beckman DK-1 over the  range I7OO- 
350 m illim icrons. No absorption peaks were recorded, in d ica tin g  th e  
in s o lu b il i ty  of the  oxide in  d ilu te  m ineral ac id s . The oxide would 
d isso lve  slowly in  concentrated su lfu ric  acid  on heating . The 
re flec tan ce  spectrum of the black oxide powder was obtained using the  
re flec tan ce  attachment on the  Beckman DK-1 . No peaks were recorded.
A gradual increase in  absorption, as noted fo r  m etals, was recorded 
over the  range 1700-350 m illim icrons.
Magnetic S u s c e p tib ility  Study 
The magnetic s u s c e p tib il i ty  o f  the  black oxide obtained by 
e le c tro ly s is  of an ammonium molybdate so lu tio n  was done a t  room 
ten çe ra tu re . I t  was measured w ith a Curie-Chevenaux type balance 
where the  sample was suspended in  a g lass bucket by a quartz spring  
on a quartz f ib e r  in  a magnetic f ie ld .  The oxide was found to  be 
diamagnetic.
Powder P a tte rn  X-Hay Study 
A x -ray  powder p a tte rn  was run on oxide samples and the  MoÔ  
obtained on ig n itio n  of the samples, obtained by e le c tro ly s is  of 
a ce ta te , formate, and oxalate buffered  so lu tio n s . A Norelco x -ray  
generator mounted w ith a v a riab le  speed d iffrac tom eter and a s c in t i l la t io n
The author wishes to  express h is  apprecia tion  to  Hr. Wyman K. 
G rindstaff fo r  h is  help in  obtaining the  sp e c tra l data and fo r  doing 
the  magnetic s u s c e p tib i l i ty  work.
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counter was used to  obtain  the  d a ta . Copper K-alpha ra d ia tio n  was 
used in  a l l  cases. The black oxide is  amorphous and does not give a 
d if f ra c tio n  p a tte rn . The d if f ra c tio n  p a tte rn  of the  MoÔ  was found to  
match ex ac tly  the "d" group spacings given fo r  MoÔ  in  the Index to  the 
Powder D iffrac tio n  F ile  (19& ) . This in d ica tes  th a t  complete oxidation 
is  occuring on Ign ition -
Current-Time Study
A curren t-tim e p lo t was obtained on a co n tro lled  p o te n tia l
e le c tro ly s is  o f an ammonium molybdate so lu tio n . A Varian G-l4 v a riab le
speed recording potentiom eter was used to  obtain  the  p lo t .  The data
obtained was compared w ith a mathematical evaluation  of competing
f i r s t  or p seu d o -firs t-o rd e r reactions done by Gelb and Meites {33)«
This comparison is  done by p lo tt in g  In  i / I q  (where 1 i s  the cu rren t
a t  time " t"  and 1q i s  the  cu rren t when t  = O) against tim e. The
data obtained are given in  Table 15 and the p lo ts  shown in  F igure 2 .
The experim ental data are placed as poin ts on the graph.
This data corresponds most c lo se ly  to  the  system where
^1
A + n^e —  ̂ B
“2 
B  >C
“3C + n^e — ) D.
The th ree  ca lcu la ted  p lo ts  are fo r (a) k^zkgzk^ = 1 :3 :2; (b) 1 :1 .1 :0 .8;
(c) 1 : 0.1 :0 . 5.
The author wishes to  express h is  apprecia tion  to  Dr. Raymond L. 
Kerns fo r  doing the x -ray  powder p a tte rn  work, and to  the Geology 





Time (min) i(ma) iA o in  i / i o
0.00 270 1.000 0.0000
0.25 255 0.945 -0.0566
0.50 240 0.889 -0.1177
0.75 225 0.834 -0.1815
1.00 215 0.797 -0.2269
2.00 210 0.778 -0.2510
3.00 205 0.759 -0.2758
4.00 190 0.703 -0.3524
4.25 180 0.667 -0.4050
4.50 180 0.667 -0.4050
* P o ten tia l con tro lled  a t  -O.65 V. v s. S.C.E.
Fig 2 — P lo t o f In  i / i j j  vs tim e.
\
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S o lu b ility  Study 
As in d ica ted  p rev iously  the oxide was found to  be inso luble 
in  d ilu te  m ineral ac id s, but so luble in  concentrated s u lfu r ic  and 
n i t r i c  ac id . I t  was inso lub le  in  concentrated ammonium hydroxide and 
potassium hydroxide.
Suasnation o f Data 
A ll o f the  data l i s t e d  in  previous ta b le s  are summarized in  
Table l6 .  In  th is  ta b le  the  dependence of the  composition and oxidation 
numbers o f th e  oxides on pH and p o te n tia l  i s  In d ica ted . A zero (o) 
in d ica tes  no change occurs, a plus sign  (+) in d ica te s  the  value increased 
and a minus s ign  ( - )  in d ica tes  the  value decreased. The changes due to  
a change in  pH a re  fo r  those occuring in  going from a pH of 5 .0 to  
a pH o f 4 . 0. The changes due to  a change in  p o te n tia l are fo r those 
occuring in  going from co n tro lled  to  uncon tro lled  p o te n tia l .
Example. In  the  ace ta te  b u ffe r the  percentage molybdenum 
decreases (- )  on going from a pH of 5.0  to  4 .0  fo r both co n tro lled  and 
uncontro lled  e le c tro ly se s . The composition does not change (o) with 
a change in  p o te n tia l  a t  e i th e r  a pH of 5 .0  or a pH of 4 . 0. The 
oxidation number increases (+) in  the  d ried  oxide on going from a pH 
of 5-0 to  4.0  a t  both co n tro lled  and uncontro lled  p o te n tia l .
TABLE 16
SUMMATION OF DATA
B u ffe r Composition 
Dependence; 




o f D ried 
Oxide on 
i ’o te n t ia l
O xidation  
Number 
Dependence 
o f  D ried 
Oxide on pH
O xidation  
Number 
Dependence 
p f D ried 
Oxide on 
P o te n t ia l
O xidation  
Number 
Dependence 
o f Undried 
Oxide on pH
O xidation  
Number 
Dependence 
o f Undried 
Oxide on 
P o te n t ia l
Cont.-U nc. .. . 5. " k Cont. -Une. 5 -  h Cont. -Une:. 5 - 4
None 0 0 0 0 0 0 
0 +A cetate - 0 0 + + 0 +
Formate 0 Cl 0 0 + + -  — 0 0 +
O xalate 0 Cl + + + + + + 0 0 -
oo
CHAFDER I I I  
DISCUSSION
The polarographlc data ohtained in  th is  in v estig a tio n  is  in  
agreement w ith  th a t  previously  obtained in  o ther systems. Upon 
inspection  o f the  "half-wave" values given in  Table 1,  one sees th a t 
in  general the number of waves increases as the pH is  lowered. The 
only exception to  th i s  is  in  the formate buffered  so lu tio n s , where a 
very sm all wave is  noted a t  -0.44 v . followed by a la rg e r  wave a t  -0.65 
V . ,  when the  i s  5 .2 . On lowering the  pH in  th is  b u ffe r a s in g le  
wave re s u lts  a t  values of 4.0  and 3*0 This i s  opposite to  what 
happens in  the  ace ta te  and oxalate b u ffe rs , where more waves appear 
a t  th e  lower pH values. Ho q u an tita tiv e  explanation w il l  be attem pted 
fo r these d is s im ila r i t ie s ,  since coulometric analysis  techniques would 
need to  be enroloyed using a mercury cathode to  obtain  more inform ation 
about th e  reduction  s te p s . In th is  in v es tig a tio n  the  author was in te r ­
ested  in  the  product obtained on a so lid  platinum  elec trode , therefo re  
an in v es tig a tio n  such as ind ica ted  above was not done. In  general, i f  
one considers the  possib le  change of species in  so lu tio n  (U ) as the 
pH is  lowered, along w ith the  coaplexing a b i l i ty  o f the b u ffe rs , i t  
appears qu ite  l ik e ly  th a t  m ultip le  reduction  steps would be noted.
in  solutioxis of low pH, the  p o s s ib il i ty  e x is ts  th a t  an in term ediate
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reduction  s tep  does not appear, bu t in s tead  reduction  to  the ( I I I )  
s ta te  occurs in  one s tep . Acetate and oxalate are  not as strong 
reducing agents and might not possess th is  a b i l i ty .  The lack  o f a 
sharp ly  r is in g  wave coupled w ith an in d e f in ite  d iffu sio n  cu rren t p la teau  
in d ica te  th e  i r r e v e r s ib i l i ty  o f the  reduction p rocess. The e lec tro n  
change values l i s t e d  in  Table 2 v e r ify  th is  when p lo ts  of E vs log 
i / i ^ - i  are  made. For these  reasons the  polarographic data w ill  be 
used only to  in d ica te  the  p o te n tia ls  a t  which co n tro lled  p o te n tia l 
e lec tro ly se s  should be perfoimed. Since mercury and platinum  w ill  
possess very d if fe re n t p ro p e rtie s  as working e lec tro d es , no assurance 
is  given th a t  the  e le c tro ly s is  p o te n tia ls  on the  platinum  working 
e lec trode  w il l  be the  same as those fo r  the  dropping mercury e lec tro d e .
A scan of p o te n tia ls  around these  values, using the  p o te n tio s ta t , 
in d ica tes  th a t  they  are co rrec t p o te n tia ls  to  use, s ince no appreciable 
e le c tro ly s is  occurs u n t i l  these  p o te n tia ls  are reached.
The e le c tro ly s is  process involves the  reduction  of an anion 
species, th e re fo re  i t  i s  d iffu sio n  co n tro lled . The negative ion must 
approach the cathode by d iffu s io n  and convection ag ainst an adverse 
p o te n tia l g rad ien t. In  the  reduction  of acid  so lu tio n s  of molybdate, 
the species p resen t are very  complex. In  th is  d iscussion  no attem pt 
w ill  be made to  d iscuss the reduction  process fo r  a sp ec if ic  species 
and the  word "molybdate" w il l  be used to  re fe r  to  a negatively  charged 
oxy-molybdenum(fI) ion . As in d ica ted  by the  data in  the  previous 
ta b le s , th e  e le c tro ly s is  process f a l l s  o ff  fo r  the  reduction  of molyb­
date as the  working e lec tro d e  becomes coated w ith the black oxide film . 
This is  in  agreement w ith data obtained by Heston (3^) when reduction
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of formate 'buffered molybdate so lu tions was done on s te e l .  This can 
be a ttr ib u te d  to  the  fa c t  th a t  the  oxide film  i s  non-conducting, and 
the  reduction  process ceases when the  e lec trode  surface is  covered.
I t  a lso  can be explained by a model whereby an adverse p o te n tia l 
g rad ien t bu ilds up as the  oxide film  th ickens on the  e lectrode su rface , 
u n t i l  a po in t i s  reached where the  molybdate ion cannot d iffu se  th ro u ^  
th e  film  to  be reduced. A model such as th is  has been proposed by 
Wagner (35)« In  e ith e r  case, the  r e s u l t  is  the  same. Only a small 
amount (50 to  100 mg) o f oxide product is  obtained on the e lectrode 
su rface . As a r e s u l t  of th i s ,  nothing i s  to  be gained by doing 
e lec tro ly se s  fo r  an extended leng th  of tim e. Most e lec tro ly se s  in  
th is  in v es tig a tio n  were run from 30 to  90 minutes.
When e lec tro ly se s  are done on the d if fe re n t buffered  so lu tio n s , 
th e  r e s u lts  are qu ite  s im ila r . In  a l l  cases a brownish-black oxide 
film  is  formed on th e  cathode su rface . This film  forms w ith varying 
speeds and in  varying amounts depending on the  b u ffe r . The order o f 
appearance in  both speed and amount decreases in  the  order: form ate>
a ce ta te  > o xa la te . The oxide film s formed from the formate b u ffe r have 
a more smooth and lu s tro u s  appearance than those from the ace ta te  or 
oxalate b u ffe rs . The film s formed in  th e  oxalate  b u ffe r are more 
adherent and more d i f f i c u l t  to  scrape from the  e lec trode  su rface .
I t  appears to  be th e  t ig h te s t  film , since i t  i s  much th in n e r. The 
b e s t film s are obtained from formate and oxalate b u ffe rs . Those 
formed from ace ta te  b u ffe rs  have poor adherent p ro p e rtie s .
A weight lo ss  i s  noted when the  film s are a i r  d ried  a t  110° C.
A fu r th e r  weight lo ss  is  noted when the d rie d  oxides are  ig n ited  a t
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500° c . This is  con trary  to  what would he expected, since the MoÔ  
formed on ig n itio n  has th e  h ighest oxygen to  molybdenum weight r a t io .
I t  would be expected th a t  the  oxide would gain weight on ig n itio n  to  
the  highest oxidation s ta t e .  This in d ica tes  th a t  a hydrated oxide is  
formed in  th e  reduction process, and a l l  of th e  w ater and/or hydroxides 
are  not, removed on drying to  a constant w e i^ t  a t  110° C. Thus a 
weight lo ss  is  noted on ig n itio n  a t  the  higher tem perature. The 
percentage molybdenum in  the d ried  oxides i s  found to  range from 60-6$$. 
This range could be expected due to  d if fe re n t amounts of hydration 
occuring in  the so lu tions o f d iffe re n t b u ffe r and pH. The percentage 
molybdenum w ill  be h igh ly  dependent on the amount o f drying.
When the oxidation numbers fo r  the  oxides a re  determined they 
are found to  l i e  in  the  range 4.63 to  5.38 fo r  the  d ried  oxides and 
4.20 to  4.71 fo r  the undried oxides. These values in d ica te  th a t  a 
mixed oxide is  formed on reduction , which is  then p a r t i a l ly  reoxidized 
in  the drying process. Therefore, th e  oxide obtained on th e  cathode 
w il l  not have the same oxidation number as one th a t is  d ried  before 
analysis a This was shown to  be tru e  by doing a sequence of determina­
tio n s :
(1) oxides were a i r  d ried  a t  110° C before an a ly s is , (Table 8, 
11)
(2) oxides were d ried  imder n itrogen  a t  110° C before an alysis , 
(Table 12,  13)
(3) oxides were analyzed before drying. (Table 9, l 4 )
In a i l  cases the  a i r  dryed oxides have a h l ^ e r  oxidation number than 
those dryed under n itrogen , or those analyzed before drying.
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Comparable values were obtained fo r  the  oxidation numbers of the oxides 
d ried  under n itrogen  and the  undried oxides. This in d ica tes  the values 
obtained fo r  the  undried oxides by using the zinc reductor are co rrec t, 
and the  in a b i l i ty  to  obtain  the exact oxidation  number of MoOg (Table 5) 
by th is  method must be due to  higher oxidation s ta te  species p resen t 
in  the  conm ercially prepared MoOg.
The oxides obtained a t  con tro lled  p o te n tia l e le c tro ly s is  have 
an oxidation number of 4.50+.05, independent o f changes in  b u ffe r or 
pH. No other o v e ra ll c o rre la tio n  is  found between oxidation number 
changes and changes in  the  e le c tro ly s is  cond itions. No co n sis ten t change 
in  oxidation numbers i s  noted when going from co n tro lled  to  uncontrolled  
p o te n tia l, or on lowering the  pH, in  th e  d if fe re n t b u ffe rs . This, 
coupled w ith the  fa c t  th a t  the  oxidation number does not change in  the  
unbuffered so lu tio n s , in d ica tes  the  b u ffe r  plays a p a r t in  the 
e le c tro ly s is  mechanism. Again, th is  could be a ttr ib u te d  to  the  
d ifferen ce  in  reducing a b i l i t i e s  of the  b u ffe rs . Each b u ffe r  w il l  be 
discussed sep ara te ly . From the  data given in  the  tab le s  on the  d ried  
oxides i t  is  apparent th a t  an oxide of higher oxidation number is  
obtained on drying, due to  oxidation . In  th is  d iscussion  the  products 
formed on the e lec trode  w ill  be considered, by using the data fo r  the 
undried oxides, in  an attengpt to  c o rre la te  the  product formation w ith 
a possib le  e le c tro ly s is  mechanism.
In  the ace ta te  b u ffe r the  oxidation number i s  not changed by 
a change in  pH a t  con tro lled  p o te n tia l, o r in  going from con tro lled  to  
uncontrolled  p o te n tia l a t  a pH of 5=0= The oxidation nnjnher is  
increased  from 4 .4$ to  4 .7 I as the  pH is  lowered in  an uncontrolled
44
p o te n tia l  e le c tro ly s is .  The oxidation  number i s  Increased from 
4.58 to  4.71 in  going from concroiled  to  uncontro lled  p o te n tia l  a t  
a pH o f 4 . 0 . Both of these would in d ica te  a dependence on hydrogen 
ion concentration fo r  the  e le c tro ly s is  process in  ace ta te  b u ffe r .
In  the  formate b u ffe r th e  oxidation number obtained i s  independ­
ent of pH a t  a co n tro lled  p o te n tia l, and independent of p o te n tia l a t  a 
iffl of 4 . 0 . The oxidation number increases from 4.37 to  4.50  when the 
pH is  lowered in  an uncontro lled  p o te n tia l  e le c tro ly s is ,  and decreases 
from 4.50 to  4.37 a t  a pH of 5 .0  when going frcm con tro lled  to  uncon­
t ro l le d  p o te n tia l .  Again th is  could in d ica te  a dependence on the  hydro­
gen ion concentration fo r  the  e le c tro ly s is  mechanism.
In  the  oxalate  b u ffe r  the  oxidation  number i s  independent of 
pH a t co n tro lled  p o te n tia l  in  the  same regions as s tu d ied  above 
fo r  the  ace ta te  and formate b u ffe rs , but i s  lower a t  a pH o f 6 .3 .
This anomaly m i^jt be a ttr ib u te d  to  a d ifferen ce  in  conplexed species 
a t  th e  higher -pS., s ince  the  oxalate  i s  th e  b e s t complexing agent of 
th e  b u ffers  s tu d ie s . In  th e  same pH region as s tud ied  fo r  a ce ta te  
and formate the  oxidation number decreased from 4.45 to  4.23 on lowering 
th e  pH w ith  uncontro lled  p o te n tia l  and decreases from 4.44 to  4.23 ou 
going fr<as con tro lled  to  uncontro lled  e le c tro ly s is  a t  a pH of 4 . 0.
This would in d ica te  more dependence on p o te n tia l  and le s s  on pH in  
th is  b u ffe r .
The changes noted fo r  the  th ree  bu ffers  can be represen ted  in  
a sequence as l i s te d ;
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Acetate Formate Oxalate
Cont. Uûcont. Gont= Uneont = Gont, Unoont, 
pH = 5.0  h .k 9 If. 50 — » 4.37 &.45
pr = if.O if.5 8 — > if .t l  Jf.io i f . # — > if . i]
For the a ce ta te , lowering the  pH produces the  same re s u l t  as increasing  
th e  p o te n tia l .  In  the  form ate, low erii^  th e  pH reversed  the change 
brought about by increasing  th e  p o te n tia l .  This ind ica tes  the  
p o s s ib i l i ty  th a t  th e  amount of evolved hydrogen i s  im portant in  the 
e le c tro ly s is  mechanism, whereby th e  hydrogen ac ts  as the  reducing agent. 
The re sn ltin g  reduction  i s  no t taken to  as low an oxidation s ta te  as 
TiHien the cathode i t s e l f  is  doing th e  reduction . This would not be 
tru e  in  the  case of the  ox a la te , since th is  e f fe c t  is  not noted in  th is  
b u ffe r . Another p iece of evidence po in ting  to  th is  p o s s ib i l i ty  is  the  
f a c t  th a t  the  con tro lled  p o te n tia l  e le c tro ly se s , where le s s  hydrogen 
is evolved, are  independent o f b u ffe r and pH.
The x -ray  an alysis  data  gave no help on the oxide i t s e l f ,  since 
th e  oxide i s  amorphous. I t  d id  in d ic a te  the  v a l id i ty  o f the  composi- 
ions obtained on ig n itin g  th e  oxides s ince  the  MoÔ  produced was shownt-i
to  be free  of im p u ritie s .
The cCE&ination o f s o lu b i l i ty  and magnetic s u s c e p tib i l i ty  data 
ind ica tes  the  f a c t  th a t  no ( i l l )  or (V) s ta te s  a re  p resen t in  the  oxide. 
The s o lu b i l i ty  data matches th a t  of MoOg most c lo se ly , since Mo20  ̂ and 
Mo(ch)^ are  soluble in  m ineral ac id s . The fa c t  th a t  the  oxide i s  
diamagnetic in d ica tes  no unpaired e lec trons p re sen t, as would be the 
case fo r  the (H i) and (v) s ta te s .  If  these fa c ts  a re  considered, 
along w ith the f ra e tlo n a l oxidation s ta te s ,  the  oxidation  s ta te s  of 
the  mixed oxide must be (iv) and (Vl). A possib le  reac tio n  scheme,
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th a t  is  somewhat l ik e  the  scheme of Gelh and Meites (33) th a t  f i t  our
data most c lose ly , is  as follows :
(1) Mo(Vl) is  reduced to  Mo(V),
(2) Mo(v) can then be reduced fu r th e r  to  Mo(lV) or,
(3) Mo(V) can d isproportionate  to  Mo(Vl) and Mo(lV).
Since the d isproportionation  could occur to  varying degrees in  the  
d if fe re n t so lu tio n s , the  f ra c tio n a l oxidation s ta te s  th a t  were 
determined are qu ite  p lau sib le . A reac tio n  scheme is  given below fo r 
the con tro lled  p o te n tia l  case where the oxidation number was 4 . 5(H .05.
4e" + 4 Mo(Vl)—»2  Mo(V)
(1) 2 Mo(v) — > Mo(lV) + Mo(VI)
(2 ) 2e '  + 2 Mo(v) — > 2 Mo(lV)
6e" + 4 Mo(Vl) —>3 Mo(lV) + Mo(Vl).
The p a rt played by the hydrogen, as advocated before , would be consis­
te n t  w ith th is  mechanism since the  Mo(V)—>Mo(IV) reduction  migjht be 
done by the  hydrogen to  a sm aller ex ten t t han th a t  done on the  e lec trode  
i t s e l f .  This would allow more d isp roportionation  to  occur, increasing  
the  oxidation number of the oxide.
CHAPTEB IV 
SUMMARY
A polarcgraphic and con tro lled  p o te n tia l e le c tro ly s is  in v e s t i­
gation  has been done on ammonium molybdate so lu tions buffered  by 
ace ta te , formate, and oxalate in  the  pH range 4.0  to  6 .3 . The 
in v estig a tio n  ind ica ted  th a t :
(1) the b lack  oxide obtained as product in  the  e lec tro ly ses  
is  a hydrated, mixed oxide of Mo(lV) and Mo(Vl),
(2) the oxidation number of the  oxide i s  dependent on the 
p o te n tia l, pH,. and b u ffe r, to  varying degrees,
(3) the oxide is  sub jec t to  a i r  oxidation a t  e levated  tempera­
tu re s , and the  dried, product has a higher oxidation  number 
than th a t  obtained on the  e lec trode .
An e le c tro ly s is  mechanism was proposed where Mo(V) is  formed, followed 
by simultaneous d isp roportionation  to  Mo(VI) and Mo(IV), and reduction 
to  m o(Tv). The p o s s ib i l i ty  of evolved hydrogen acting  àë the reducing 
agent in  some cases i s  in d ica ted .
47
REFERENCES
(1) Chileso t t i .  Z. Electrochem .. 12,  l h 6,  (1906).
(2) Manchetti, Z. aaorg. Chem>. I9 , 39I, (I899),
(3) Junius, ib id . ,  # ,  428, (1905) .
(4 ) Chiles o t t i ,  A tt i .  R. .Accad. Lincei» 12, i i ,  22, 67, (1903).
(5) F o ers te r and F ricke , Z. angew. Chem». 36, 458, (1923).
(6) Rosenheim and Braun, Z. anorg» Chem., 44, 3 II , (1905).
(7) C h ile so tti , Z. Elecktrochem ., 12, l 46, I73, I97, (I906).
(8) Wardlaw, e t .  a l . ,  J .  Chem. Soc.. 2370, (1924); 1930, (I927).
(9) T. M oeller, "An Advanced Textbook of Inorganic Chem istry,"
p- 879, John Wiley & Sons, In c . ,  New York, (I952).
(10) F . B. Schirmer, e t .  a l . ,  J . Am. Chem. Soc., 64, 2543, (1942) .
(11) J .  Jander. K. F . Jah r, and W. Heukeshoven, Z. ahorg. allgem. 
Chem.. 194, 413,  (1930) .
(12) Glasstone and H lckling, "E lec tro ly tic  Oxidation and R eduction," 
p . 132, D. Van Nostrand Company, In c . ,  New York, (1936).
(13) F. A. Cotton, "Advance Inorganic C hem istry," p . 779, In te rse ieaee  
P ublishers, New York, (1962).
(14 ) S. Senderoff and A. Iren n e r, J .  Electrochem. Soc., 97, 361- 6,
(1950).
(15) Kaycki and Yhtema, J .  Electrochem. Soc., 96, 48- 56, (1949).
(16) Senderoff, Trans. Electrochem. Soc., 96, 377 (I949).
(17) A. S. Goncharenko, Zh. R rlk l. Khim., 37,  No. 4, 915-16, (1964).
(18) A. S. Goncharenko, Tsvetn. Metal. 36 (lO, 60-3, (I963).
48
(19) Katso-bashvili, Ya. P.., 2b . SÎCh.. 6, 265, (1961).
(20) M. von S tackelberg , e t .  a l . .  Tech. M l-'t. Knijpp Forschungsber.,
2, 59, (1939).
(21) R. E o ltje  and R. Geyer, Z. anorg. u . a l l  gem. Chem., 21̂ 6, 258, 
(19IH).
(22) K olthoff and Llngane, "Polarography, " p . v o l. 2, 2nd. ed ., 
In te rsc ien ce  P ub lishers, New York, (1952).
(23) I .  M. K olthoff and I . Hodara, J .  E lec tro an a l. Chem., 4, 369-381, 
(1962).
(24) H. H. W illia rd  and P. Young, JAGS. 5 I, 149, (1929) .
(29) I .  M. K olthoff and S. S. Sandell, ^Textbook of Q uan tita tive  
Inorganic A nalysis ,"  p . 569, 3rd . e d .. The Macmillan Co., New 
York, (1952).
(26) J .  J .  Lingane, 'ï le c t r o a n a ly t ic a l  Chem istry," p . 362, 2nd. ed .. 
In te rsc ien ce  P ub lishers , In c .,  New York, (1958) .
(27) M. J .  Podlssor, J .  Fhys 
Soc.. 58, 1372, (1936).
. Chem.. 39,  1057,  (1935) ; J .  Am. Chem.
(28) F . C. Tompkins, Trans. Faraday Soc.. 38, 131, (1942) .
(29) H. A. la i t in e n ,  'them ical Analysis An Advanced Text and Ref­
erence, p . 390, McGraw-Hill Book Company, In c .,  New York, (i960).
(30) H. H. W illard and P. Young, J .  Am. Chsa. Soc.. 51, 139, (1929).
(31) H. W illard  and P. Young, Trana^_2jÆctro^h^m^_8o c ^  67, 347, (1935).
(32) Received from Climax Molybdenum Company. Commercially prepared 
by ac tio n  of Eg on MoO .̂
(33) R. I . Qelb and L. M eites, J . Pfays. Chem.. 68, 630-639, (1964).
(34) B. 0 . Heston, P riv a te  Communication.
(35) 0 . Wagner, J .  Electrochem. Soc., I d ,  l 8l - 4, (1954).
49
